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Familial hypercholesterolemia is a genetic disorder caused by mutations of the low-density-lipoprotein 
(LDL) receptor gene. We characterized the structures of LDL receptor mRNA transcripts in the fibroblasts 
of a homozygous paticnl carrying a single base substitution (T-*C) at ihe 5' splice donor site of intron 
1 2 of the LDL receptor gene. We identified three aberrant transcripts as a consequence of intron-12 read- 
through, exon-12 skipping and' utilization of a cryptic splice donor site. Only a point mutation at the 5' 
splice donor site caused the production of three alternatively spliced products. None of these transcripts 
produced a functional LDL receptor protein in this patient. 

Keywords: low-density-lipoprotejn receptor; familial hypercholesterolemia; splicing mutation; read 
through. 



Familial hypercholesterolemia (FH) is a genetic disorder 
characterized by an elevated level of low-density-lipoprotein 
(LDL) cholesterol, xanthomas and premature atherosclerosis (11- 
FH is an inherited disease with an autosomal trait; the genetic 
basis of FH is a lack of functional receptors for LDL on the cell 
surface 11}, Various mutations of the LDL receptor gene have 
been reported including nonsense mutations, missense muta- 
tions, deletions arid insertions [2, 3). 

Hobbs ei ah [41 described a Japanese homozygous FH pa- 
tient who expressed two different-sized transcripts of the LDL 
receptor gene ; the partem was proved lo be a true homozygote 
carrying a point mutation at the splice donor site of intron 12 of 
ihe LDL receptor gene T3], The sizes of the transcripts of the 
LDL receptor gene in this mutation were about 5.3 kb and 8.4 kb 
[3, 41. Although the patient expressed an apparently normal- 
sized 5.3 kb transcript,. she did not produce the LDL receptor 
protein that cross-reacted with the monoclonal antibody against 
the LDL receptor protein (41. 

We have frequently found the identical mutation in Japanese 
FH patients: The patients. KIK, YS and MY |5J. were true ho- 
mozygous for this mutation, whose phenotype belonged to the 
so-called 'null-allele* phenotype : neither LDL binding nor LDL 
receptor protein synthesis was detected in their fibroblasts. 

According to Robbcrson ei aJ. -[61. ihe splice acceptor and 
donor sites of an exon are recognized and defined, as a uniL by 
the splicing machinery. Thus, a point mutation at a splice site 
leads to exon skipping and/or utilization of a cryptic splice site 
close to the site of mutation (6, 71. 

As the patient with the mutation at the splice donor site of 
intron 12 did noL produce the functional LDL receptor, the nor- 
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mal-sized transcript of 5.3 kb found in this patient (3, 4] is ex- 
pected to result from skipping of exon 12 and/or utilization of a 
cryptic donor site in intron 12 close to the 5' splice site. The 
production of the 8.4-kb transcript, however, is hard to explain 
on the basis of the described rule [6, 7]. Therefore, in the present 
study, we analyzed the structure of the transcripts in the fibro- 
blasts of this patient. We identified three aberrantly spliced tran- 
scription products; one contained the entire intron 12, one 
skipped exon 12, and one utilized a cryptic splice site in intron 
12. 



MATERIALS AND METHODS 

Patient, The proband, KIK, was a paticnl who visited our 
lipid clinic in the National Cardiovascular Center for precise 
examination of hypercholesterolemia. She was 4 years old and 
had severe hypercholesterolemia. As she was born from consan- 
guineous marriage and her cultured skin fibroblasts showed a 
negligible amount of LDL receptor activity (5]. she was diag- 
nosed as a FH homozygote. 

Materials. La-* ? SldCTP (1000 Ci/mmoi) was purchased 
from New England Nuclear. Nucleic acids and hexadcoxy- 
nucleoiides were obtained from Pharmacia. NA45 membrane 
was from Schleicher and Schuell. The restriction enzymes were 
from Bethesda Research Laboratory, New England Biolabs, Ta- 
kara Shnzo and Toyobo. The genomic clone, /.33-2, which codes 
inlrons 10^15 of the normal LDL receptor gene, was obtained 
from the American Type Culture Collection. 

Amplification of genomic I>NA. Exons of the LDL receptor 
gene of the patient were amplified from I pg genomic DNA 
extracted from leucocytes by PCR with 2.5 units Pju DNA poly- 
merase (Stratagene) u.sing an automated ihcrmal cycler (Perkin- 
Elmer-Cetu.s). To amplify exon*: 1—17 and the coding region of 
exon 18 of the LDL receptor gene, the repoacd pairs of primers 
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the anti sense sequence 
(PSP77) were used as primers. The amplified DNA was purified and 
subcloned inw the Smai site of pUCH8, and the pUmmid DNA was 
sequenced. The sequence revealed a single base change of T to C (letters 
in oblique) in the 5' splice donor site of imron 12. This base change was 
detected in all 12 subclones sequenced. 



[3] were used, except chat the two nucleotides at the 3' end of 
each oligonucleotide were omitted. Prior to the amplification, 
the oligonucleotide primers were treated with T4 polynucleotide 
kinase (Toyobo). The amplification reaction comprised 25 cycles 
of incubation of the reaction mixture for (a) denaturaiion at 
94 *C for 1,5 min, (b) annealing at 45 -60°C for 2 min and (c) 



extension ai 3 min. The amplified product was size 

fractionated by 2% agarose gel electrophoresis, then the band 
corresponding to each exon was adsorbed onto the NA45 mem- 
brane and eluted as described previously [9|. The purified DNA 
was blunt-ended with T4 DNA polymerase (Toyobo), subcloned 
into che Smtd site of pUCl 18 vector with T4 DNA liga.se (BRL). 
amplified, then sequenced by the dideoxy method [101. using 
Sequenase (United States Biochemical;. 

Amplification by reverse-transcriptase-coupled PCR 
(RT-PCR). Total RNA was isolated by the guanidium thiocya- 
nate method [llj from fibroblasts of a normal subject or the 
patient, followed by uhracentrifugation in a cesium chloride so- 
lution as described [12]. The RNA thus prepared was created 
with DNase I (RNabe-free, Takara Shuzo) in the presence of the 
RNase inhibitor (Takara Shuzo) 112]. Then, the RNA was re- 
verse transcribed with Moloney murine leukemia virus reverse 
transcriptase (Pcrkin-Elmer-Cctus) using random hexamers as 
primers, and the amplification was performed wich 2.5 units Am- 
pli-Tciq DNA polymerase (Perkin-Elmer-Cetus). A pair of sense 
and antisense primers was chosen From the following eight oli- 
gonucleotides and used for each RT-PCR. As the sense 
primer, an oligonucleotide was chosen from 11LDLR5' coding 
the 5' end of exon 11 (5'-TTCATGTACTGGACTGACTG-3'). 
12LDLR5' coding the 5' end of exon 12 (5'~ATCTCCTCAGTG- 
GCCGCCTC-3'), and 13SP78 coding the intron sequence flank- 
ing the 5' end of exon 13 (5'-GTCATCTTCCTTGCTGCCT- 
GTTT-3', coding nucleotides -25 to -3 from the beginning of 
exon 13) [81- The antisense primer was one of 12LDLR32 cod- 
ing the 5' side of intron 12 (5'-GTCTGTGTCTATCCGCCACC- 
3', coding nucleotides 51-32 from the beginning of intron 12). 
13LDLR3' coding the 3' end of exon 13 (5 / -CTCTTGGCTGG- 
GTGAGGTTG-30, 14LDLR3' coding the 3' end of exon 14 (5'- 
CTGTGAGGCAGCTCCTCATG-3'), 15LDLR3' coding the 3' 
end of exon 15 (5'-CTTGGTGAGACAGTTGTCACT-3') and 
16LDLR3' coding the 3' end of exon 16 (5'-CGATGGGGAGG- 
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ACAATGGAC-30. Prior to PCR, the primers were treated with 
T4 polynucleotide kinase. The amplification reaction comprised 
35 cycles of incubation of the reaction mixture for (a) denatur- 
arion at 94 °C for 1 min and (b) annealing and extension at 55 °C 
for 1 min. The amplified product was size fractionated, sub- 
cloned, then sequenced as described above. 



RESULTS 

The homozygous FH patient, KJK, was a 4*year-old female, 
whose clinical features have previously been described [5]. Her 
LDL receptor protein in cultured skin fibroblasts has been exam- 
ined, and she has been classified as a so-called 'null-allele'-type 
homozygoce [5]. 

The sizes of the restriction fragments of her LDL receptor 
gene produced by digesLion with EcoRL BamHl, EcoRV and 
Xbal were indistinguishable from those of a normal subject (data 
not shownj. We amplified all 17 exons, the coding region of 
exon 1 8, and part of the 5' non-coding region of her LDL recep- 
tor gene by PCR, and the producrs were subcJoned and se- 
quenced. We could not find any abnormal sequence in ihe cod- 
ing region and the 5' non-coding region of the patient's gene, 
except that iwo polymorphisms were found in the coding region : 
a c— >T substitution ai the third nucleotide of the codon for the 
Cys6 in exon 2 [13] and a T-*C substitution at the third nucleo- 
tide of the codon for Asn570 in exon 12 [14]. Neither of them 
affected the coding amino acid sequence. Although we could noi 
detect any abnormal sequence in the coding region of the pa- 
tient, wc found a T— C substitution at the second nucleotide of 
the 5' splice donor 12 site of intron 12 (Fig. 1). This one-base 
substitution was delected in all 12 subclones sequenced, suggest- 
ing thai patient KfK was homozygous for this mutation. 

As the detected mutation was at the base next to the ami- 
sense primer designed in iniron 12, it was impossible to detect 



the substitution- and/or deletion-including intron using this 
primer. In order to determine the further intron sequence of the 
patient, we planned to design a new antisense primer coding the 
downstream sequence of intron 12. To obtain the information on 
the normal sequence of intron 12, we subcloned the 9.4-kb frag- 
ment of genomic clone A33-2 and sequenced pan of the frag- 
ment. We identified the sequence of 70 nucleotides of the 5' side 
of intron 12 (data not shown). Then, we synthesized a 20-residue 
oligonucleotide complementary to nucleotides 51-32 from the 
beginning of intron 12 (12LDLR32, 5'-GTCTGTCTCTATCCG- 
CCACC-3') and used it as an antisense primer for PCR. No 
additional base change was detected in the PCR-amplified frag- 
ment. As the mutant allele closely correlated to the plasma cho- 
lesterol level in her family (data not shown), this base substitu- 
tion was expected to be the cause of FH in this family. This base 
substitution has been already reported in another Japanese FH 
patient by Hobbs ei al- [3]. j r 

11 has been reported that this mutation expresses two dif- 
fcrent-sized transcripts, an apparently normal-sized 5.3-fcb iran- 
script and one of 8.4 kb [3, 4]. In the present study, we attempted 
to analyze the structure of Lhese transcripts, A point mutation in 
the 5' splice donor site often leads to exon skipping or utilization 
of a cryptic site in the following intron (6, 7], First, in order to 
determine if a cryptic site was utilized for splicing, we earned 
out RT-PCR using a pair of primers designed in exons 12 and 
- 13 (Fig. 2C). The amplified product of patient KIK was slightly 
larger than that of a normal subject (Fig. 2 A). The sequencing 
of the RT-PCR product of the patient revealed that an extra frag- 
ment composed of 11 nucleotides was inserted between exons 
P and 13. which encoded the sequence at the beginning of the 
5 7 r*gion of intron 12 (Fig. 2B). Thus, in this mutation, a Coptic 
splice-donor site in iniron 12 wa;> utilized. 

Next, we tested the possibility of exon 12 skipping. For this 
purpose, we used a pair of primers designed in exons 11 and 14 
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Fig 4 Analyses of the amplified products of RT-PCR torn a normal subject and patient KIK. (A) Agarose $el electrophoresis of the RT-PCR 
products. Total RNA (1 ug) from a normal subject or patient KIK was reverse transcribed, then PCR amplified. The sense primer. 12LDLR5', 
eodin* die 5' end of exon 12, and Uw antisense primer, 12LDLR32, coding the intron sequence from nucleotides 51-32 in intron 12, were used 
for th^ reaction. The products were clectiophoresed in agarose gel (2%), then stained whh ethidiurn bromide. An amplified fragment was observed 
i oatient KIK, but no product was observed in the normal subject. (B) Agarose gel electrophoresis of RT-PCR products from patient KIK. The 




\ primer, 



exon 14; D, the sense primer, J3SP78, and the antisense primer, 15LDLR3', coding the 3' end of exon 15; E. the seiue primer, 13SP78, and the 
antisense primer. 16LDLR3' T coding the 3' end of exon 16. Prior to RT-PCR, template RNA was treated with (+> or without (-) RNaseA. The 
products of RT-PCR were clectiophoresed in an agarose gel (2%), then stained with ethidiurn bromide. The amplified bands were not observed for 
the samples treated with RNaseA. (C) Schematic illustration of the location of the mutation and the primers for RT-PCR. 



table 1. The scores of the spilcc donor and acceptor sites for intrOnS 
10-13. The scores were calculated according to the methods of Shapiro 
and Senapathy [18]. 
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(Fig/3 C). Two different-sized fragments were amplified from 
the transcripts of patient KIK with this pair of primers (Fig. 5 A). 
The large-s^d fragment con ruined 1 1 extra nucleotides of in- 
tron 1 2. the sequence of which was identical to thut shown 
(Fig. 2 8). The small-sized fragment was the produce of exon 12 
skipping, exon I L being directly connected to exon 13 (Fig. 3B). 



The small-sized fragment was the major product of the amplifi- 
cation, showing that exon skipping was more apt to occur than 
utilization of a cryptic site in this mutation. 

Neither exon skipping nor utilization of a new cryptic site 
can explain the size of the reported 8.4-kb transcript. Although 
it does not coincide well with the proposed mechanism of splic- 
ing [61, the mosi feasible explanation for the production of the 
8.4-kb transcript is that only intron 12, which is about 3 kb in 
size, failed to be spliced. To determine if a 'read-through 1 prod- 
uct exists, we designed five pairs of primers for RT-PCR 
(Fig. 4). When the pairs of primers A and B were used for RT- 
PCR, 309-bp and 191-bp fragments, respectively, were amplified 
for transcripts from the patients (Fig. 4 A and B). Sequence 
analysis confirmed that the 309-bp fragment encoded the se- 
quences of exons 11 and 12 and a part of intron 12. and that the 
191-bp fragment encoded those of exon 12 and a part of intron 
12, as expected (data not shown). The expressed transcript from 
the patient did not contain intron 11, which was normally spliced 
Out. but it contained the sequence of intron 12. which failed to 
be spliced out. Using the primers C, D and £, fragments of 314, 
485 and 563 bp. respectively, were amplified for transcript from 
the patient (Fig. 4B). The sequencing of these fragments (data 
not shown) clearly indicated that the expressed transcript did 
not contain the sequences of incrons 13, 14 and 15, which were 
normally spliced out, but contained the 3' region of intron 12 
which failed to be spliced out. From the above data, we can 
conclude that the patient produced a transcript in which only 
intron 12 failed to be spliced out. The expected size of the tran- 
script of the entire intron 12 is about 3 Kb, which may explain 
the size (8.4 kb) of the larger transcript observed in this mutant 
(3, 41. As the normal subject did not exhibit any amplified frag- 
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mr ijcno in a Japanese homozygous FH patient. K1K. This muta- 
tionals identical to that already reported by Hobbs ec air 1 31. 
In ilw present study, we identified ihree different irunscripcs 
caused by this point mutation; one containing intrnn 12 (intron 
ivad-through). one lacking exon 12 (exon-skipping) and one 
with an extra fragment composed of 1 1 nucleotides of the 5' 
rouion of intron 12 due to utilization of a cryptic splice donor 
<ite (alternative Splicing; Fig. 5). As wc could not detect synthc- 

of the LDL receptor protein in the patient [51. none of the 
transcripts arc expected to produce the functional LDL receptor 
protein. There are three possibilities; tran.slai.iun in these aber- 
rant transcripts is unsuccessful; the translation produces from 
ihese transcripts are extremely unstable, or the translation prod- 
nets are not recognized by the antibody. 

In general, a mutation or the second nucleotide of the GT 
dinudculide of the 5' spUce donor site leads to aberrant splicing 
|7. 15^171- Such a mutation often produces a transcript which 
skips the upstream exon or which utilizes a cryptic 5' donor site 
usually located in the following intron [6, 7, 17]. In patient KIK, 
both types of transcripts were identified. Skipping of exon 12 
was. more apt to occur than utilization of the cryptic splice donor 
site in intron 12 (see Fig. 3 A). 

We scored the potentiality of the splice donor and acceptor 
sices of introns 10-13 by the procedure of Shapiro and Senapa- 
thy [18] (Table 1), The scores for the original and the mutated 
5' splice donor sites were calculated to be 80-8 and 62.6. respec- 
tively. The cryptic splice donor site which was actually utilized 
in the mutant was scored as 69.3 (cryptic 2 in Table 1), which 
is slightly higher than that of the mutation sice. We searched for 
possible cryptic sites and found the two potential splice donor 
sites within 70 nucleotides of the 5' end of intron 12. One was 
at position 3 from the beginning of die intron and scored as 50.4 
(cryptic 1 in Table 1), the other was at position 33 and scored 
as 67.2 (cryptic 3 in Table 1). The scores for these two sites 
were lower than thar of the actually selected splice site (Fig. 6). 
A mutation in a splice donor site often skips the upstream exon 
of the mutation site [7] when it is hard to find a suitable cryptic 
site in the region close to the mutation site. This is clearly ex- 
plained by the fact that the splicing machinery recognizes the 5' 
splice donor site and the 3' acceptor site of an exon as a unit 
[6]. Since the score of the cryptic splice donor site in intron 12 
was lower (69.3) than that of the original site (80,8), skipping 
of exon 12 was more apt to occur than utilization of a cryptic 
site (Fig. 4 A). 

Both exon 12 skipping and utilization of a cryptic splice 
donor site can only explain the transcript of about 5.3 kb [3, 41. 
We expected that the 8.4-kb transcript, which was another aber- 
rant transcript observed in the mutant, was produced by failure 
of splicing out of intron 12. We identified the transcript in which 
introns if, 13. 14 and 15 were normally spliced out, but intron 
12 was not (fig. 4). Exon 12, together with intron 12, might be 
recognized as a large exon. This could be the reason why the 
S.4-kb transcript was observed in the mutant (3, 4]. Generally, 
however, a large exon comes, without exception, at the end of a 
gene. When an exon is larger than 300 bp, splicing components 
cannot recognize both ends of an exon [6], Therefore, at present, 
we cannor explain the mechanism by which the transcript, in- 
cluding the entire intron (2 which is about 3 kb in size, was 
produced, and why such a large 'pseudo-exon'.can exist in the 
middle of rhe transcript. This aberrant transcript might be a tran- 
sient form of the splicing product, un which the splicing compo- 
nents are stacked, and the transcript might remain inside the 
nucleus. 

The point mutation described in the present study is interest- 
ing for understanding splicing mechanisms 
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